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Irreversible Binding of Chlorinated
Ethylenes to Macromolecules
by H. M. Bolt* and J. G. Filser*

Rats have been exposed in a closed system to the chlorinated ethylenes vinyl chloride and trichoroethylene
and to carbon tetrachloride as a reference compound. Data of uptake of the compounds, of urinary
excretion of metabolites, and of exhalation after exposure show that the chlorinated ethylenes are
metabolized much faster than carbon tetrachloride, probably due to their common ethylene structure. To
eliminate differences in uptake, calculation of metabolites of the three compounds in tissues was based on
the amount actually taken up by the animals. Vinyl chloride, trichloroethylene, and carbon tetrachloride
showed irreversible binding of metabolites to tissue proteins, mainly of the liver. Irreversible protein
binding of either of these compounds ranged within the same order of magnitude, if related to the amount
of compound which had been taken up. Also, no differences in the relative portion of irreversibly bound
metabolites were found after exposure to different atmospheric concentrations of the three compounds. As
already shown for vinyl chloride, trichloroethylene is metaboUized in vitro by rat liver microsomes in
presence of NADPH-regenerating system to intermediates that irreversibly bind to proteins. Albumin
(bovine and rabbit) was a preferred target for binding. In contrast to vinyl chloride, significant irreversi-
ble binding of trichloroethylene metabolites also occurred to non-SH-proteins (y-globulin, concanavalin
A) and to polylysine. Hence it should be inferred that, unlike vinyl chloride, trichloroethylene metabolites
not only bind to sulfhydryl groups but also, to a lesser extent, to free amino groups of proteins.

Introduction
The carcinogenic properties of vinyl chloride (1,

2) and the possible (3, 4) carcinogenicity of trichlo-
roethylene, along with the mutagenic effects of both
compounds (5) has stimulated research on
metabolism of the halogenated ethylenes. Ac-
cumulating evidence strongly suggests that both
vinyl chloride and trichloroethylene are initially
metabolized to their epoxide derivatives which
undergo rearrangement to secondary metabolites or
may react with nucleophilic components (3, 5-7).
Interest has been focussed on covalent interaction
of reactive metabolites of vinyl chloride and tri-
chloroethylene with macromolecules, i.e., proteins
(8-11) and nucleic acids (8, 12). Although covalent
binding of metabolites of either of these compounds
to tissue p-roteins is well established, comparative
data, elaborated under identical experimental con-
ditions, are lacking. This paper, therefore, com-

pares the irreversible binding of metabolites of vinyl
chloride and trichloroethylene to tissue proteins of
the rat in vivo. As a reference compound, carbon
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tetrachloride has been included in the study. The
data obtained in vivo are supported by those of in
vitro experiments with rat liver microsomes.

Materials and Methods

Materials
1,2-14C-Vinyl chloride, specific radioactivity 10.7

mCi/nmole, was synthesized by the Radiochemical
Department of Farbwerke Hoechst, Frankfurt,
Germany. 1,2-1 4C-Trichloroethylene (specific
radioactivity 1.7 mCi/nmole) was purchased from
New England Nuclear, Boston, Mass., and 14C-
carbon tetrachloride was purchased from the
Radiochemical Centre, Amersham, England.

Exposure of Rats
Male Wistar rats, 200-250 g, were exposed in a

closed all-glass system (volume 10.3 liters) to an
atmosphere containing the "4C-labeled halogenated
hydrocarbon. This system has been described
elsewhere (13). Decline of radiactivity in the at-
mosphere of the system was followed by liquid
scintillation counting (13). Concentration of haloge-
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nated hydrocarbon in the atmosphere was also fol-
lowed by gas-liquid chromatography (GLC). Sam-
ples of 10 ml air were drawn from the system by
means of syringe, and introduced into the 5 ml gas
sampling loop of a six-port valve connected to a gas
chromatograph (Varian 1400 with a flame ionization
detector and a 3-m steel column, filled with Porapak
Q). Retention times were 4.3 min for tri-
chloroethylene at 230°C and 5.5 min for carbon
tetrachloride at 200°C. Determination of radio-
active metabolites in tissues was done as described
previously (13). Irreversibly protein bound
radioactive metabolites were measured after pre-
cipitation of proteins with ethanol and exhaustive
extraction, as described elsewhere (9). Radioactiv-
ity in urine was determined by liquid scintillation
counting in Bray's solution (14). To facilitate col-
lection of the urine, the rats received five hourly
doses of 5 ml tap water via a stomach tube (15).

Incubations in Vitro
1,2-14Trichloroethylene vapor was incubated in

an all-glass incubation system with rat liver micro-
somes and NADPH-regenerating system as de-
scribed elsewhere (10, 11). Soluble proteins were
added to the microsomal incubation, and irreversi-
ble binding of trichloroethylene metabolites to these
proteins was determined. After incubation the
microsomes were separated from the soluble pro-
tein, precipitated with ethanol, and exhaustively
extracted with organic solvents as described in de-
tail (16) when labeled estrogens were used as sub-
strate.

Results

Rates of Metabolism of Vinyl Chloride,
Trichloroethylene and Carbon
Tetrachloride in Vivo

Rats were exposed in a closed system to different
initial concentrations of the halogenated olefins
vinyl chloride and trichloroethylene and to the ref-
erence compound carbon tetrachloride. Decline of
these compounds in the atmosphere of the system
was determined by gas-liquid chromatography. Fig-
ure 1 demonstrates the typical decline curves, if
the system (volume 10.3 1; 13) was occupied by
three male Wistar rats (250 g), and if initial concen-
trations of the halogenated compounds were applied
which do not saturate the metabolizing enzyme
systems. Saturation of the metabolizing systems is
achieved at 250 ppm vinyl chloride (15). The corre-

*. initial
concentration
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FIGURE 1. Decline of concentration of atmospheric vinyl
chloride, trichloroethylene, and carbon tetrachloride in a
closed system (volume (10.3 1) if occupied by three male Wis-
tar rats; (--) extrapolated to zero time.

sponding values for trichloroethylene and carbon
tetrachloride are 150 ppm and 250 ppm, re-
spectively. Whereas atmospheric vinyl chloride
equilibrates with the animal organism within 15 min
(15), equilibration of trichloroethylene and also of
carbon tetrachloride takes much more time. Figure
1 shows that the linear slope of the decay curve of
trichloroethylene is reached after 1.5 hr, and that
the distributing phase of carbon tetrachloride lasts 1
hr. However, when the linear slopes of the curves,
which are related to the rate of metabolism of the
appropriate compound, are compared, it is apparent
that the halogenated olefins vinyl chloride (tQ,2 = 1.1
hr) and trichloroethylene (t1/2 = 0.55 hr) are
metabolized at a much faster rate than carbon tet-
rachloride (t012 = 7.3 hr). This is also reflected by
the rate of urinary excretion of metabolites. When
rats were exposed to 14C-labeled vinyl chloride for 1
hr in our exposure system, 70o of the radioactivity
was excreted via urine within 24 hr (13, 15). By
contrast, only about 18% of 1"C-carbon tet-
rachloride which enters the organism via lung
within 90 min is excreted by the kidneys during the
first day after exposure (Fig. 2). The peculiar be-
havior of carbon tetrachloride, which apparently
differs from that of the two chlorinated olefins, is
also demonstrated in Figure 3. Three rats were ex-
posed to 100 ppm "4C-carbon tetrachloride vapor.
The concentration of radioactivity in the system's
atmosphere was determined throughout the entire
experiment. After 1.5 hr when 50o of the radioac-
tivity had disappearedfrom the gas phase and en-
tered into the animal's organism (after this time the
equilibration phase is ended, see Fig. 1), the expo-
sure system was aerated for 1 min and all the
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FIGURE 2. Excretion of radioactive metabolites in urine of rats
after exposure to "4C-carbon tetrachloride. Excretion is
much less than after exposure to "4C-vinyl chloride (13).

%. in urine

I exposure time (90m= )

4 hours

FIGURE 3. Radioactivity in the atmosphere of the closed expo-
sure system on exposure of rats to "4C-carbon tetrachloride.
After 90 min, the system was aerated and exhalation of
radioactivity was measured.

radioactivity present in the gas phase was removed.
Then, expiration of radioactivity was followed over
4 hr. During this period, nearly 20% of the "4CCl4
present initially, i.e., about 40o of that which was
taken up by the organism, was exhaled. This also
demonstrates that carbon tetrachloride, in contrast
to the chlorinated ethylenes, is only slowly me-
tabolized by rats, although it has considerable af-
finity for rat tissues, probably due to its lipophilic-
ity. This may underline the importance of the
ethylene structure of vinyl chloride and trichlo-
roethylene for their metabolic fate in the organism.

Irreversible Binding to
Tissue Proteins in Vivo

It is well established that metabolites of vinyl
chloride (8, 9, 11) and trichloroethylene (10, 17) ir-

reversibly (or covalently) bind to proteins. The
same has also been reported for compounds like
carbon tetrachloride (18-21) or halothane (22-24). It
has been speculated that covalent binding of
metabolites of a xenobiotic ought to be related to a
possible carcinogenic potential of that compound
(25). Therefore, covalent protein binding of
metabolites of the halogenated olefins vinyl chloride
and trichloroethylene and of carbon tetrachloride
has been compared. All these compounds were ad-
ministered to rats in gaseous (or vapor) form by
exposing the animals in a closed system to different
initial concentrations. Because of the different rates
of uptake (see Fig. 1), it was necessary to base the
calculation of metabolites in tissues on the amount
of substrate which was actually taken up by the
animals. Therefore, the data of total metabolites in
tissues and of irreversibly protein bound metabo-
lites were calculated as percent of that amount
which was taken up. This procedure eliminated
differences which could have been introduced by
the different pharmacokinetics of the compounds.
The results of the experiments are shown in Tables
1-3.
Radioactivity following exposure to "4C-vinyl

chloride is mainly concentrated in liver, the organ of
metabolism, and in the kidneys, the organ of excre-
tion of metabolites (Table 1). Furthermore, the
small intestine contains substantial amounts of vinyl
chloride-derived radioactivity. The main organ in
which covalent protein binding takes place is the
liver. Smaller amounts of irreversibly protein bound
metabolites are found in kidneys, small intestine, in
lung and in spleen. When the figures obtained after
exposure to the different initial concentrations of
vinyl chloride are compared, no significant differ-
ences in both the relative content of metabolites and
of irreversibly protein bound metabolites are evi-
dent. Similar data as with vinyl chloride could also
be obtained with 14C-trichloroethylene (Table
2). In general, somewhat less total radioactivity is
present in the tissues, but the covalent binding data
are closely similar to those of vinyl chloride. For
trichloroethylene, also, the main site of covalent
protein binding is liver. As in vinyl chloride, no
major differences are found, if different initial atmos-
pheric concentrations of trichloroeethylene are
applied.

Surprisingly, all the data for carbon tetrachloride
(Table 3), which is not an ethylene derivative range
within the same order of magnitude as those of vinyl
chloride and trichloroethylene. For this compound
also, the largest amount of radioactive metabolites,
and of covalently protein bound metabolites is pres-
ent in the liver.
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Table 1. Total and irreversibly protein-bound metabolites of 14C-vinyl chloride (VC)
in different tissues of rats after 5 hr exposures.a

% of radioactivity taken up/g tissue

VC = 2 ppm, VC = 100 ppm, VC = 1000 ppm,
n=4 n=4 n=3

Total Irreversibly Total Irreversibly Total Irreversibly
Tissue metabolites bound metabolites bound metabolites bound
Lung 0.21 + 0.033 0.08 ± 0.004 0.25 ± 0.012 0.08 ± 0.011 0.23 ± 0.015 0.07 ± 0.007
Liver 1.08 ± 0.13 0.32 ± 0.046 0.98 ± 0.105 0.32 ± 0.064 0.97 ± 0.166 0.37 ± 0.064
Spleen 0.24 ± 0.026 0.06 ± 0.005 0.31 ± 0.031 0.08 ± 0.023 0.20 ± 0.014 0.06 ± 0.008
Kidney 1.00 ± 0.17 0.12 ± 0.011 0.91 ± 0.13 0.11 ± 0.018 0.89 ± 0.097 0.09 ± 0.013
Small intestine 1.07 ± 0.092 0.10 ± 0.012 0.98 ± 0.18 0.09 ± 0.023 1.31 ± 0.50 0.10 ± 0.023
Muscle 0.13 + 0.019 0.017 + 0.002 0.17 ± 0.011 0.017 ± 0.010 0.17 + 0.076 0.010 ± 0.076

"'Male Wistar rats, 250 g; n = number of animals. Value shown are means + SD.

Table 2. Total and irreversibly protein-bound metabolites of 14C-trichloroethylene (TCE)
in different tissues of rats after 5 hr exposure."

% of radioactivity taken up/g tissue

TCE = 9 ppm, TCE = 100 ppm, TCE = 1000 ppm,
n=4 n=4 n=3

Total Irreversibly Total Irreversibly Total Irreversibly
Tissue metabolites bound metabolites bound metabolites bound

Lung 0.23 ± 0.026 0.06 ± 0.002 0.24 ± 0.025 0.06 ± 0.006 0.22 ± 0.055 0.1 ± 0.003
Liver 0.77 ± 0.059 0.28 ± 0.027 0.68 ± 0.073 0.27 ± 0.019 0.88 ± 0.046 0.48 ± 0.020
Spleen 0.14 ± 0.015 0.05 ± 0.002 0.15 ± 0.001 0.05 ± 0.004 0.15 ± 0.006 0.08 ± 0.003
Kidney 0.37 ± 0.005 0.09 ± 0.007 0.40 ± 0.029 0.09 ± 0.007 0.39 ± 0.045 0.14 ± 0.016
Small intestine 0.41 ± 0.058 0.05 ± 0.010 0.38 ± 0.062 0.07 ± 0.008 0.28 ± 0.015 0.09 + 0.015
Muscle 0.11 ± 0.005 0.014 ± 0.001 0.11 ± 0.013 0.012 ± 0.001 0.10 ± 0.011 0.027 ± 0.003

aMale Wistar rats, 250 g; n=number of animals. Values shown are means ± SD.

Table 3: Total and irreversibly protein-bound metabolites of "4C-carbon tetrachloride (CCt,)
in different tissues of rats after 5 hr exposure.a

% of radioactivity taken up/g tissue

CCI, = 5 ppm, CC1, = 100 ppm,
n=4 n=4

Total Irreversibly Total Irreversibly
Tissue metabolites bound metabolites bound

Lung 0.075 ± 0.018 0.033 ± 0.006 0.15 ± 0.017 0.036 ± 0.0051
Liver 0.81 ± 0.056 0.38 ± 0.01 1.17 ± 0.233 0.34 ± 0.060
Spleen 0.042 ± 0.011 0.016 ± 0.003 0.13 ± 0.004 0.024 ± 0.002
Kidney 0.29 ± 0.11 0.076 ± 0.004 0.63 ± 0.116 0.076 ± 0.012
Small intestine 0.22 ± 0.097 0.034 ± 0.003 0.46 ± 0.190 0.05 ± 0.0065

aMake Wistar rats, 250 g; n=number of animals. Values shown are means ± SD.
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Irreversible Protein Binding in Vitro

It has been shown (26) that metabolites of vinyl
chloride bind to free sulfhydryl groups of proteins.
If "4C-vinyl chloride is incubated with rat liver mi-
crosomes, NADPH-regenerating system and con-
canavalin A, a protein which contains no sulfur
atoms at all, no irreversible binding occurs to this
particular protein (8). However, some binding oc-
curs to concanavalin A if 14C-vinyl bromide is taken
instead of vinyl chloride (unpublished data).
Table 4 shows the irreversible protein binding of

14C-trichloroethylene metabolites formed in vitro
from trichloroethylene by rat liver microsomes.
Large amounts of metabolites bind to albumin
(bovine and rabbit). Binding is reduced by
glutathione, probably by reaction with reactive
metabolites. Significant binding is also observed to
non-SH proteins (IL-globulin, concanavalin A), al-
though these bind less than albumin. These data,
which differ from those obtained with vinyl
chloride, are supported by a relatively high covalent
binding capacity of the synthetic "protein"
polylysine for trichloroethylene metabolites. This
means that, in contrast to vinyl chloride (8, 26),
tricholoroethylene metabolites are likely to irrever-
sibly attach not only to SH groups, but also to a
lesser extent, to NH2 groups of protein.

Table 4. Irreversible binding of trichloroethylene metabolites
to soluble proteins added to incubations of rat liver
microsomes and NADPH-regenerating system.a

Protein % of BSA binding
Bovine serum albumin (BSA) 100
BSA + I mM glutathione 39.7 + 10.7
BSA without NADPH reg. system 20.3 ± 2.7
Rabbit serum albumin 105.0 ± 11.0
Bovine fibrinogen 39.8 ± 6.0
Bovine y-globulin 35.8 ± 4.4
Human y-globulin 50.0 ± 4.6
Concanavalin A 26.0 ± 2.0
Polylysine 42.8 ± 2.3

aPartial pressure of 14C-trichloroethylene vapor in the gas
phase was 1.11 mm Hg (saturation conditions). Binding is given
as percentage of that observed for bovine serum albumin (BSA).
Binding to 5 mg BSA was 0.28 ± 0.02 nmole/mg microsomal
protein/hr. Values shown are means ± SD; n =4.

Discussion
The data show that vinyl chloride and trichlo-

roethylene, if animals are exposed to these com-
pounds, differ in their pharmacokinetic properties.
Trichloroethylene needs more time than vinyl
chloride to equilibrate with the organism, and is
faster metabolized. However, the observed half-life

(which is related to metabolic processes) of carbon
tetrachloride is very much longer than that of the
two chlorinated ethylenes examined. The more
rapid metabolism of vinyl chloride and of trichlo-
roethylene may be related to the common primary
metabolic step which both compounds are thought
to share, i.e., the formation of the epoxide inter-
mediate (3, 5-12, 27). These epoxides also are prob-
ably involved in covalent binding to nucleophilic
centers of macromolecules (3, 8, 12, 27). The pres-
ent data show that quantitatively, with respect to
covalent protein binding in vivo, vinyl chloride,
trichloroethylene and also carbon tetrachloride be-
have similarly. All these compounds, which are
metabolically activated in liver, show greatest co-
valent protein binding of metabolites in this par-
ticular organ. As with the carcinogenicity of vinyl
chloride (1, 2) and of carbon tetrachloride (21), the
present data for trichloroethylene suggest strongly
that the possible carcinogenic effects of trichlo-
roethylene (4) be considered seriously.
Covalent protein binding of metabolites of a

xenobiotic, however, appears only to be a tool that
allows us to detect whether reactive, and possibly
hazardous, metabolites are formed. In addition, in-
teraction with nucleic acids moieties has to be
examined. For vinyl chloride, it could be demon-
strated that adenine moieties are transformed to
l-N6-ethenoadenine (12) and cytosine moieties to
3-N4-ethenocytosine (unpublished data). For car-
bon tetrachloride, covalent binding to nucleic acids
has also been reported (21). Furthermore, covalent
binding to cytosolic pyridine nucleotides occurred
(28). Hence, further studies are needed to show
whether also trichloroethylene metabolites may
interact with nucleotide bases and/or nucleic acids.
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